Objective: The aim of this study was to gain further insights into the consequences of insulin-dependent diabetes mellitus on cardiomyocyte calcium handling. Methods: The effects of steady state and transient changes in stimulus frequency on the intracellular Hz is consistent with reduced SR Ca uptake leading to reduced SR Ca content and subsequent release. At stimulus intervals greater 21 21 than 1 Hz this is likely to be exacerbated by slower recovery of SR Ca release. Despite the evidence for depressed SR Ca uptake, the 21 relative amount of Ca recirculating within diabetic rat cardiomyocytes remains unaltered. This is most likely due to an accompanying 21 1 21 1 reduction in Ca efflux from the cell due either to depressed Na / Ca exchanger activity, or an elevation in intracellular Na levels.
Introduction
ventricular relaxation [1] . In vitro studies with cardiac tissue obtained from animals where diabetes is chemically Insulin-dependent diabetes mellitus has several adverse induced reveal a reduced capacity to develop force or consequences on the heart and vascular system. Epipressure as well as slower rates of force or pressure demiological studies reveal a higher incidence of heart development and relaxation [2, 3] . These altered contractile failure in diabetics independent of risk factors such as properties of the diabetic heart have been linked to 21 coronary artery disease and hypertension compared to the disturbances in myocyte Ca regulation. Recent studies 21 non-diabetic population [1] . reveal a slower rate of decay of the Ca transient in Clinical indices of heart function in diabetics show a single cardiomyocytes isolated from diabetic rat hearts 21 decrease in stroke volume, a reduced ejection fraction in [4] [5] [6] [7] . Whether differences in resting and peak Ca levels response to exercise (contractile reserve) and impaired left also occur is more controversial [8] [9] [10] sarcoplasmic reticulum (SR) and sarcolemmal membrane was to investigate the consequences of diabetes on these fractions further support the hypothesis that the capacity of two processes. To address these objectives we have 21 21 diabetic cardiomyocytes to regulate intracellular Ca measured changes in intracellular Ca concentration in levels is impaired [11] [12] [13] [14] .
cardiomyocytes isolated from insulin-dependent diabetic Variations in the pattern or rhythm of stimulation are rat hearts in response to both steady-state and transient known to influence the strength of contraction of the heart. changes in stimulus frequency. Preliminary accounts of The steady state contraction-frequency relationship is an this work have been presented [26] . intrinsic property of cardiac muscle that reflects the time- 21 dependency of the mechanisms that make Ca available to the myofilaments on a beat-to-beat basis. Two mani-2. Methods festations of the contraction-frequency relationship under non-steady state conditions are mechanical restitution and 2.1. Induction of diabetes mellitus post-rest potentiation. Mechanical restitution describes the recovery of contractile force as a function of the interval Insulin-dependent diabetes mellitus was induced in male between contractions, while post-rest potentiation deWistar rats weighing 275-325 g through a single tail vein scribes the increase in contractile strength that occurs when injection of 60 mg / kg of streptozotocin (Sigma) dissolved stimulation is recommenced following a prolonged pause.
in 0.1 M citrate buffer (pH 4.5). A control group of rats The decline of force following post-rest potentiation has in received only citrate buffer. All animals were allowed free 21 turn been used to estimate the fraction of Ca that is access to food and water, and were kept for 7 weeks sequestered by the SR, the 'recirculation fraction' [15] .
following injection. myocardial Ca handling. Mechanical restitution is were killed by decapitation. The heart was quickly excised, slowed in failing human and canine hearts [19, 20] while cleared of adhering tissue and perfused by the Langendorff the recirculation fraction (RF) is reduced in hypertrophied method at 378C with a modified Krebs-Henseleit solution. rabbit and failing human heart [21, 22] .
The composition of the solution was (mM): 118.0 NaCl, Despite well-documented changes in electrophysiologi-4. is already fully loaded with Ca and may be unable to final concentration of 150 I.U. / ml and perfusion was respond to interventions that would normally be expected continued for a further 20 min. The heart was then 21 to increase SR Ca stores [24, 25] . Therefore, one objecremoved from the perfusion apparatus and the left and tive of the present study was to evaluate the effects of right ventricles were separated. The left ventricle was cut stimulus frequency on cardiomyocytes which display a into small pieces and was incubated with gentle shaking 21 positive contraction or [Ca ]-frequency relationship. In with 10 ml of the collagenase medium for 5 min. The addition, there is at present no information on whether collagenase solution was decanted and the dispersed cells 21 diabetes-induced derangements in cellular Ca handling were collected by centrifugation at 30 g for 1-2 min. alter mechanical restitution or the recirculation fraction.
Incubation of the tissue with collagenase and collection of Since they provide important insights into cardiomyocyte cells was repeated five to six times. The collected cells 21 Ca handling pathways, a further objective of this study were resuspended in 3-5 ml of the Krebs-Henseleit solution containing 2.5% bovine serum albumin and were phototube. Cell length was scanned at intervals of [7] . A xenon lamp in conjunction with a rotating maximum rate of shortening (MRS) and maximum rate of filter wheel provided excitation light at 340 and 380 nm.
re-lengthening (MRL) were also derived. All time parameThe emitted fluorescence at 510 nm was measured using a ters were referred to the commencement of scanning photomultiplier. A rectangular diaphragm immediately synchronized with the delivery of the stimulus to the cell. before the photomultiplier was adjusted to restrict recordContraction parameters were averaged for the final five ing to a single cell within the field of view and a shutter stimuli at each frequency. prevented light from reaching the cells during non-recording periods. The filter wheel was rotated at 100 Hz, and for each rotation values of F and F were measured and 2.5. Experimental protocols Ca concentration was determined. The sampling rate All experimental protocols were conducted at 258C, and was therefore 100 Hz. Fluorescence values were not unless otherwise indicated at 1.5 or 2.5 mM extracellular 21 corrected for cell autofluorescence because in preliminary [Ca ] . Cells were selected for recording only if they experiments the fluorescence recorded from unloaded cells displayed normal, rod-shaped morphology with clear and were near the limits of detection. At the end of each regular sarcomere spacing, were quiescent in the absence experiment fluorescence ratios were calibrated as previousof stimulation, and responded to electrical stimulation with ly described [7] . There were no significant differences in synchronous contractions. Electrical stimulation was the values of B, R , or R [27] between control and achieved with suprathreshold square wave pulses of 1-4 max min diabetic groups. The values for control rat cells (n513) ms duration delivered by platinum field electrodes placed were 7.660.5, 13.560.7 and 0.860.02, respectively, while in close proximity to the cell. it is assumed that these and the K for Ca and fura-2 Restitution of the Ca transient was measured as d remain unchanged in diabetic rat cells, then it is likely that previously described [22] . Cells were stimulated at 0. 
.4. Measurement of myocyte contractility
The order of extrasystolic stimuli was randomly varied. Cells were allowed 3 min between each experimental run Measurements of cell length during contraction were to re-establish a steady state. made using a line scan camera and digital imaging
To measure the recirculation fraction cells were stimu- 21 technique similar to that previously described [29] . Briefly, lated at 1.0 Hz until the Ca transient amplitude had a 13512 element photodiode array was positioned along attained steady state. Stimulation was then stopped for 30 s the longitudinal axis of the cell by means of a rectangular and recommenced at 0.2, 0.3, 0.4 or 0.5 Hz. The recirculamask located in the optical path of the microscope tion fraction was determined as the slope of the linear relationship that exists between the amplitude of post-rest 3. Results contractions n and n21 (see Results). A 5-min period was allowed between experimental runs for cells to return to a 3.1. Characteristics of experimental preparations steady state at 1.0 Hz.
The lower temperature employed for these experiments A total of 13 control and 13 STZ-treated animals were helped minimise loss of fura-2 from the cells and ensured used in the present study. The body weight of rats assigned that cell viability could be maintained over long periods to the control group increased from 322612 to 501610 g when cells were subjected to multiple protocols. Usually over the 7-week treatment period. In contrast, STZ-treated each of the protocols (frequency, restitution and recircularats failed to gain any weight. The mean body weights of tion fraction) was undertaken on each cell in a randomized this group were 281621 g at the beginning and 284616 g order. Cell viability was assessed by the absence of at week seven. Blood glucose levels of the STZ-treated rats spontaneous contractile activity and was determined at the were markedly elevated confirming the development of completion of each protocol. Any cell judged to be insulin-dependent diabetes. The values were 6.160.4 mM compromised was discarded, and any remaining protocols prior to treatment and 19.360.5 mM at week 7. In were completed with a new cell. By this means the preliminary experiments we have found that treatment of 21 [Ca ] -frequency relationship, restitution and the recircurats with STZ leads to hyperglycemia within 7 days and i lation fraction were studied in each heart. this is maintained over the treatment period. Fig. 2A-C different frequencies. Several parameters were used to and 1.0 Hz in cells not loaded with fura-2. All measures of evaluate the contractile event. These were the time from the time course of the twitch were prolonged in diabetic rat the stimulus to the onset of cell shortening (T ), the time to heart cells. Fig. 3D-F control and diabetic groups at frequencies of 0.3 and 0.5 observed no effect of diabetes on the maximum extent of Hz by fitting a single exponential function to its declining cell shortening at either 0.3 or 1 Hz. For example, at 1.0 phase. As shown in Fig. 3C the time constant of the fitted Hz, cell shortening expressed as a percentage of resting function was significantly longer in diabetic compared to cell length was 9.860.7 and 10.360.9%, respectively, in control cells. Contractile parameters were compared at 0.3 control (n513) and diabetic rat cells (n512). 21 
Restitution of the intracellular Ca transient
tions to the data. In the control group a double exponential function provided the best fit. In the diabetic group a 21 To investigate whether slower recovery of SR Ca double exponential function also provided the best fit to release between contractions might contribute to the the data, however the two rate constants were nearly 21 reduced peak and amplitude of the Ca transient of identical indicating that the data could equally as well be diabetic rat myocytes, particularly at higher frequencies, described by a single exponential function. In order to we measured the rate of restitution of the intracellular compare the initial rapid phase of restitution, the parame- 21 Ca transient. ters from the double exponential fit have been used. In The method used in these experiments is similar to that control cells the early phase of the restitution process which has been previously used to measure mechanical occurred with a time constant of 285 ms compared to 756 restitution of cardiac muscle, and is illustrated using ms in diabetic cells. Nearly identical results were obtained examples of original recordings in Fig. 4A-D Calcium uptake by the SR loads the SR with Ca in 1 21 The mean data from these experiments conducted at 1.5 between contractions, while Na / Ca exchange moves 21 21 mM extracellular [Ca ] are summarized in Fig. 4E . In Ca across the sarcolemma and out of the cell. A change 21 1 21 control rat myocytes recovery of the transient occurs in the rate of SR Ca uptake or Na / Ca exchange rapidly and reaches 90% of the steady state amplitude might therefore alter the balance between the amount of 21 within the first 1.5 s. It is followed by a slower recovery Ca recirculating within the cell and the amount extruded back to steady-state values. In diabetic rat myocytes out of the cell. The next series of experiments was 21 recovery of the Ca transient is slowed at extrasystolic designed to investigate whether these fractions are altered intervals ,1 s, but is normal at longer intervals. Restituin diabetic rat myocytes. tion curves were constructed by fitting exponential func- Fig. 5A shows a recording from a control rat myocyte rest period are potentiated, and monotonically decline to a results indicate that the fraction of Ca recirculating new steady state that is determined by the post-rest within the cell is unchanged by diabetes. stimulus frequency. This is the well-known negative staircase pattern which is typical of rat cardiac muscle. In previous studies the decline of cell shortening or twitch 4. Discussion force following post-rest potentiation has been interpreted 21 21 in terms of a loss of Ca from the cell, or conversely, the 4. Ca sequestered by the SR and therefore recirculating within the cell [30] .
Under conditions of steady state stimulation the am- 21 Analysis of the decay of post-rest force shows it to be an plitude of the Ca transient was lower in diabetic rat exponential process [30] . Therefore during the period cardiomyocytes, particularly at frequencies greater than 0.5 when force is declining, the force of successive contracHz. Calcium transients from diabetic rat cells also declined tions will decrease by a constant fraction and the ratio of more slowly. All measured indices of cell shortening and the force of successive contractions should be the same. If re-lengthening were slowed in diabetic rat myocytes the force of post-rest contraction n is plotted as a function resulting in an increase in twitch duration. These results of the force of post-rest contraction n21, the data points are generally consistent with previous studies employing should lie on the same line, the slope of which will be the ventricular myocytes isolated from insulin-dependent diarecirculation fraction. In Fig. 5B we show this same betic rat hearts [4] [5] [6] . The slower maximum rate of 21 analysis applied to the amplitude of the Ca transients for shortening and longer time to maximum shortening might this particular cell. It is clear that the relationship between reflect the V to V isomyosin shift that occurs in the 1 3 the amplitude of successive post-rest transients is linear. In diabetic heart, while the longer time required for cells to this particular cell the RF was 0.80.
re-lengthen most probably reflects the slower clearance of . There is no employed for measurements of cell contractility also difference in the RF between control and diabetic rat cells.
allowed accurate determination of cardiomyocyte excitaIn the control group the value of RF was 0.90 (r50.994), tion-contraction coupling latency (T ). The first observ-0 in the diabetic group the value was 0.88 (r50.994), while able occurrence of shortening presumably reflects the the value for pooled control and diabetic data was 0.89 externally measurable outcome of ongoing shortening (r50.994). The RF was also determined at 2.5 mM against an internal load. The delayed onset of shortening in from n54 control and diabetic rat myocytes. The results at 2.5 mM [Ca ] were obtained from n54 control and diabetic rat cells. 21 21 Ca sensitivity [31] , decreased SR Ca release (see ship, may at first appear uncharacteristic of rat cardiac below) or some combination of these factors. At physiomuscle where the relationship is usually considered to be 21 logical concentrations of extracellular [Ca ] we observed negative. In fact rat cardiac muscle can show either a no depression of the maximum extent of cell shortening in positive, negative or flat response to increases in stimulus the diabetic rat cells. This is consistent with the observafrequency, and even myocytes isolated from the same heart tion that peak F is also normal at frequencies ,0.5 can show the three distinct patterns [24, 32] . The increased 340 / 380 21
Hz. It is however surprising at higher frequencies where amplitude of the transient reflects increased SR Ca there was a trend to lower peak F levels and the content and release, and arises from an increase in time-340 / 380 21 21 21 reduced myofilament sensitivity to Ca that is reported to averaged Ca entry through the L-type Ca channels as 21 1 21 occur in this model of diabetes [31] . It is possible that the well as enhanced Ca entry through Na / Ca exchange, 21 1 slower clearance of cytosolic Ca allows a longer time secondary to an increase in intracellular [Na ] [24, 33] . In 21 for Ca to equilibrate with the myofilaments so that previous studies both control and diabetic rat carshortening continues for longer. diomyocytes generally displayed a pronounced inverse 21 A major finding in the present study is that the steady contraction or [Ca ] -frequency relationship [5, 6] . In i 21 21 state [Ca ] -frequency relationship is depressed in diasuch cells it is likely that SR Ca stores are saturated i betic rat cardiomyocytes. There were clear differences even at low rates of stimulation and are therefore unable to 21 between control and diabetic groups in peak F load any more Ca [24, 25] . We would point out that in 340 / 380 values and the amplitude of the transient irrespective of other respects the myocytes from which recordings were 21 whether the data was expressed in absolute terms or made in the present study displayed Ca responses that expressed relative to a single frequency. In this respect our are considered typical for rat cardiac muscle e.g. they show results contrast with recent studies which indicate that post-rest potentiation and a negative staircase following a variations in frequency produce essentially a normal period of rest. cardiomyocytes [5, 6] . The discrepancy may reflect the betic rat myocytes indicates disturbances in the mecha- 21 characteristics of the myocyte preparations employed. nisms that determine the availability of intracellular Ca . 21 Under our experimental conditions and at physiological In rat cardiac muscle Ca release from the SR is the 21 21 concentrations of extracellular Ca , both control and principle source of Ca for myofilament activation, and diabetic rat myocytes responded to an increase in stimulus the observed decline in the amplitude of the transient in 21 frequency with an increase in resting and peak [Ca ] diabetic rat cells compared to control rat cells indicates i 21 levels, an increase in the amplitude of the transient and that SR Ca release is decreased. Frequency-dependent 21 abbreviation of its duration. These responses, which are potentiation of SR Ca release reflects the balance representative of a positive contraction-frequency relationbetween those mechanisms that increase and those that
